The present study compared the immunolocalization of Kim-1, renal papillary antigen (RPA)-1, and RPA-2 with that of inducible nitric oxide synthase (iNOS) and nitrotyrosine in kidneys of gentamicin sulfate (Gen)-and cisplatin (Cis)-treated rats. The specificity of acute kidney injury (AKI) biomarkers, iNOS, and nitrotyrosine was evaluated by dosing rats with valproic acid (VPA). Sprague-Dawley (SD) rats were injected subcutaneously (sc) with 100 mg/kg/day of Gen for six or fourteen days; a single intraperitoneal (ip) dose of 1, 3, or 6 mg/kg of Cis; or 650 mg/kg/day of VPA (ip) for four days. In Gen-treated rats, Kim-1 was expressed in the epithelial cells, mainly in the S1/S2 segments but less so in the S3 segment, and RPA-1 was increased in the epithelial cells of collecting ducts (CD) in the cortex. Spatial expression of iNOS or nitrotyrosine with Kim-1 or RPA-1 was detected. In Cis-treated rats, Kim-1 was expressed only in the S3 segment cells, and RPA-1 and RPA-2 were increased in the epithelial cells of medullary CD or medullary loop of Henle (LH), respectively. Spatial expression of iNOS or nitrotyrosine with RPA-1 or RPA-2 was also identified. These findings suggest that peroxynitrite formation may be involved in the pathogenesis of Gen and Cis nephrotoxicity and that Kim-1, RPA-1, and RPA-2 have the potential to serve as site-specific biomarkers for Gen or Cis AKI.
INTRODUCTION
Gentamicin (Gen), an aminoglycoside antibiotic, and cisplatin (Cis; Cis-platin, cis-diamminedichloroplatinum II), an antineoplastic agent, have been widely used as model nephrotoxicants for evaluating biomarkers for acute kidney injury (AKI) in rats. Kidney injury molecule-1 (Kim-1) has been shown to be a sensitive and specific biomarker for studying Gen-and Cisinduced renal injury (Amin et al. 2004; Cristofori et al. 2007; Espandiari, Zhang, Rosenzweig, Zhou et al. 2007; Zhou et al. 2008) . Recently renal papillary antigen (RPA)-1 has been suggested to be a sensitive biomarker for Gen-induced kidney injury (Shaw et al. 2007) and was shown to be a sensitive and specific biomarker of renal papillary collecting duct (CD) injury induced by N-phenylanthranillic acid (NPAA) (Harpur et al. 2008) .
Cis and Gen are currently two of the most widely used nephrotoxicants for elucidating the role of oxidative and nitrosative stress in experimental rodent models (Table 1) . It is, therefore, of interest to know whether any relationship exists between site-specific generation of inducible nitric oxide synthase (iNOS) and nitrotyrosine and site-selective tubular injury, as well as the relationship, if any, between peroxynitrite formation and the expression of the renal biomarkers Kim-1, RPA-1, and RPA-2. Previous studies have suggested that iNOS activation with nitrotyrosine production in injured nephron segments is involved in the induction of Kim-1 and upregulation of RPA-1 and RPA-2 following exposure to the nephrotoxicants Gen, mercury, and chromium . Peroxynitrite formation may represent a common final pathway in drug-dependent toxicity (Denicola and Radi 2005) , and thus selective inhibition of peroxynitrite formation and iNOS has become an important strategy to ameliorate Gen-, Cis-, potassium dichromate-, and ischemia/perfusioninduced renal injury (Table 1) .
The objective of the present study was to determine if an association exists between the induction of iNOS and nitrotyrosine and the expression of the site-specific biomarkers Kim-1, RPA-1, and RPA-2 in Sprague-Dawley (SD) rats administered Gen or Cis. Histopathological evaluation of kidney injury, the terminal deoxynucleotidyl transferase-mediated [TdT] dUTP nick-end labeling (TUNEL) assay for in situ apoptosis detection and immunohistochemical staining for Kim-1, RPA-1, and RPA-2 were used to study the relationships between iNOS and nitrotyrosine expression and induction or up-regulation of site-specific biomarkers. The hepatotoxicant valproic acid (VPA) (Espandiari, Zhang, Rosenzweig et al. 2008 ) produces negligible renal injury and was therefore chosen as a control agent to evaluate the specificity of the three biomarkers for renal injury.
MATERIALS AND METHODS

Animals
Male ten-, twenty-five-, forty-, and eighty-day-old SD rats (Harlan, Indianapolis, IN) were used in this study. Rats were maintained in plastic cages in a controlled environment at 21 C-23 C with a twelve-hour light-dark cycle, fed Purina rodent laboratory chow (Purina Mills, St. Louis, MO), and provided water ad libitum. The protocol was approved by the Institutional Animal Care and Use committee of the FDA White Oak Animal Program (Silver Spring, MD). Animal care procedures for the study conformed to the 1996 ILAR (Institute of Laboratory Animal Resources) Guide for the Care and Use of Laboratory Animals (NRC 1996) .
Experimental Procedures
Study 1: Gentamicin
Male ten-day-old rats received a single daily subcutaneous (sc) injection of 100 mg/kg/day of Gen (Sigma-Aldrich Chemical Co., St. Louis, MO, USA) for six consecutive days, and eighty-day old rats received this dose for six or fourteen days. Age-matched controls were given saline by a single daily sc injection. Rats were anesthetized with isoflurane and euthanized by exsanguination twenty-four hours after the final injection.
Study 2: Cisplatin
Male ten-, forty-, and eighty-day-old rats were injected intraperitoneally (ip) with a single dose of 1, 3, or 6 mg/kg Cis (Sigma-Aldrich Chem. Co.). Age-matched controls were given a single ip injection of saline. Rats were euthanized seventytwo hours after the final injection.
Study 3: Valproic Acid
Male twenty-five-day-old rats were injected ip with 650 mg/kg/day of VPA (Sigma-Aldrich) for four days. Agematched controls were given a single ip injection of saline. All rats were euthanized twenty-four hours after the last dose.
Histopathological Studies
At necropsy, both kidneys were collected. One kidney was prepared for histopathology evaluation, and the other was frozen for mRNA expression analyses in another study. The kidney to be studied for histopathology was sagittally cut and divided into dorsal and ventral ''halves.'' The two tissue sections were fixed in phosphate-buffered 10% formalin, embedded in paraffin, sectioned at a thickness of 5 mm, and stained with hemotoxylin-eosin (H&E). Periodic acid-Schiff (PAS), Masson trichrome, and a silver preparation for basement membrane were used in selected cases. Unstained, formalin-fixed, paraffin-embedded tissue sections were used for the immunohistochemistry (IHC) studies.
Grading System for Renal Lesions
The frequency and severity of renal lesions were assessed by microscopic examination of at least four tissue sections (two H&E-and two TUNEL-stained sections) and varying numbers of specially stained tissue sections.
To obtain a comprehensive assessment of the severity of renal toxicity, alterations to the glomeruli, tubules, interstitium, and renal blood vessels (arteries and arterioles) were assessed as described previously (Duarte et al. 1997 ). However, changes in AKI biomarkers are believed to be most closely related to changes in tubular epithelial cells, and thus these alterations were used as the basis for assessing lesion severity on a semiquantitative scoring scale of 0 to 5. In addition, alterations of glomeruli are believed to be secondary factors relevant to tubular AKI. Alterations to the interstitium and vessels were not as significant as those to the tubules and glomeruli.
The criteria of a semiquantitative scoring scale of 0-5 were as follows: 0 ¼ Normal tubules, glomerulus, interstitium, and vessels. 1 ¼ Scant number of tubular epithelial cells showing minimal degeneration, mild tubular dilatation, small number of proteinaceous casts, no regeneration, no definitely significant necrosis or apoptosis. No changes in the glomerulus, interstitium, and vessels. 2 ¼ < 25% of tubular epithelial cells showing mild degeneration (large cytoplasmic vacuoles, a few hyaline droplets in the cytoplasm), mild degree of tubular dilation and proteinaceous casts, slight change in tubular brush border loss, acute tubular necrosis in individual cell or small group of cells, a few apoptotic cells, and no regeneration. No changes in the glomerulus, interstitium, and vessels. 3 ¼ 25%-50% of tubular epithelial cells showing moderate degeneration (multiple large-sized vacuoles, multiple foci of hyaline droplets), mild regeneration, moderate tubular brush border loss, moderate acute tubular necrosis in small group of tubules, and increased number of apoptotic cells. Little involvement of mild glomerular vacuolization. No changes in the interstitium and vessels. 4 ¼ 51%-75% of tubular epithelial cells showing extensive moderate degeneration; moderate regeneration; severe tubular brush border loss; severe acute tubular necrosis; and a large number of apoptotic cells, with apoptotic bodies in clusters of tubules. Little involvement of mild glomerular vacuolization and interstitial lymphocytic infiltration. 5 ¼ > 75% of tubular epithelial cells showing severe degeneration, regeneration, severe tubular brush border loss, acute tubular necrosis, and a large number of apoptotic cells with numerous apoptotic bodies. Mild involvement of glomerular injury (vacuolization, mesangial cell proliferation, and increase in mesangial matrix) and interstitial lymphocytic infiltration. No significant changes in the vessels.
Immunohistochemical Studies
TUNEL Assay: Renal tubular epithelial cell apoptosis was detected using the TACS in situ apoptotic detection kit (Trevigen, Inc., Gaithersburg, MD). The TUNEL procedures were as follows. The formalin-fixed, paraffin-embedded tissue sections were mounted on glass slides coated with amino-propyltriethoxysilane. They were then treated with proteinase K for fifteen minutes and 2% H 2 O 2 for five minutes. These steps were followed by incubation with a reaction mixture (TdT, MnCl 2 , and dNTP) at 37 C for one hour, then with streptavidin-horseradish peroxidase for ten minutes. In the final step, uncolored soluble chromogen (Trevigen blue label) was enzymatically converted into an insoluble blue-colored complex, precipitating at the site of the reaction following incubation for three minutes. These sections were then counterstained with Red Counterstain C. The DNA fragmentation of apoptotic nuclei was indicated by a blue color (Zhang et al. 1999) .
Indirect Immunoperoxidase Procedures:
Immunohistochemical assays for iNOS (BD Biosciences, San Diego, CA); nitrotyrosine (Cell Science, Norwood, MA); Kim-1 (mouse anti-rat-Kim-1 ectodomain monoclonal antibody, MARKE) (Harvard Medical School, Boston, MA); RPA-1 (Cat. #BIO87CD, Argutus Medical, Dublin, Ireland); and RPA-2 (Cat. #BIO88LH, Argutus Medical) were performed as described previously ). The formalin-fixed, paraffinembedded, poly-L-lysine-coated slides were treated with antigen retrieval solution for twenty minutes, 0.3% H 2 O 2 for thirty minutes, and 5% normal horse serum for thirty minutes. These sections were incubated with primary monoclonal antibodies (1:50 dilution for Kim-1; 1:100 dilution for iNOS, nitrotyrosine, RPA-1, and RPA-2) overnight at 4 C, followed by incubation with a biotinylated secondary antibody for one hour, and avidin-biotinylated horseradish peroxide complex for thirty minutes. The peroxidase reaction was carried out with 0.05% 3 0 3 0 -diaminobenzidine for ten minutes. For all mAbs, a positive reaction was indicated by a brown color .
For negative control staining, primary mAb iNOS was replaced by the isotype mouse IgG 2a (BD Biosciences, Cat. #550339), primary mAb nitrotyrosine by mouse IgG 2b (Cell Sciences, Cat. #CNCH003-100), primary mAb IgG RPA-1 by mouse serum IgG 1 (DAKO, Cat. #X0931), and primary mAb IgM RPA-2 by mouse IgM (DAKO, Cat. #X0942). The isotype mouse nonimmune IgG matched for the primary mAb Kim-1 is not available, so the Kim-1 mAb was omitted from the incubation step for negative control staining.
Statistics
The nonparametric Kruskal-Wallis rank test was used to assess difference in renal lesion scores. A p value < .05 was considered statistically significant.
RESULTS
Histopathology
In control rats in the Gen study, no renal injury was found in any proximal tubular segment ( Figures 1A and 1B) . In Gentreated rats, epithelial cell necrosis ( Figure 1C ) and apoptosis ( Figure 1D ) were located predominantly in the S1/S2 segments of proximal tubules and to a lesser extent in the S3 segment. In control rats in the Cis study, neither tubular epithelial cell necrosis nor apoptosis was found in medullary CD or LH ( Figures 1E and 1F ). In contrast, in forty-day-old rats treated with 3 mg/kg of Cis, epithelial cell necrosis and apoptosis primarily occurred in the S3 segments of proximal straight tubules (figure not shown), CD (figure not shown), and LH in the medulla ( Figures 1G and 1H) . Although the epithelial cell injury (degeneration, regeneration, necrosis, and apoptosis) induced by Gen and Cis was similar, the injury was located in the S1/S2 segments (proximal convoluted tubules) and the S3 segments of proximal straight tubules for Gen nephrotoxicity and in the medullary CD or medullary LH for Cis nephrotoxicity ( Figures 1C, 1D , 1G, and 1H).
Renal injury was more severe in Gen-and Cis-treated adult rats (forty or eighty days old) than in immature rats (ten days old), and renal injury was greater in rats treated with Gen for fourteen days compared to those treated for six days (Table 2 ). In the Cis study, renal injury in aged rats treated with 6 mg/kg of Cis (average lesion score ¼ 3.1) was more severe than renal injury in aged rats treated with 3 mg/kg of Cis (average lesion score ¼ 2.8) or 1 mg/kg of Cis (average lesion score ¼ 0.7).
Immunolocalization of iNOS and Nitrotyrosine
In saline-treated rats, expression of iNOS ( Figure 2A ) and nitrotyrosine ( Figure 2C ) was not found in either the renal cortex or the medulla. In contrast, in Gen-treated rats, iNOS ( Figure 2B ) and nitrotyrosine ( Figure 2D ) were expressed in the cytoplasm of epithelial cells in the proximal tubules. Moreover, iNOS and nitrotyrosine were also expressed in the flat epithelial cells in the dilated tubules ( Figures 2B and 2D) , the morphology of which was identical to that detected in RPA-1-stained CD in Gen-treated rats ( Figures 4B-4D ). In salinetreated control rats in the Cis study, iNOS ( Figure 2E rats, iNOS was expressed predominantly in the epithelial cells of LH of the medulla, although slight expression of iNOS was also discernible in the epithelial cells of CD in the medulla ( Figure 2F ). Nitrotyrosine expression was found only in the epithelial cells of LH of the medulla ( Figure 2H ).
Immunolocalization of Kim-1 in Gen and Cis Nephrotoxicity
Saline-treated, ten-day-old rats did not exhibit positive immunoperoxidase staining for Kim-1 in any segment of the nephron in any renal tissue sections examined ( Figure 3A) . In contrast, in Gen-treated, ten-day-old rats, Kim-1 expression was located predominantly in the cortex and slightly in the outer stripe ( Figure 3B ). In saline-treated, ten-day-old rats, Kim-1 expression was not detected in the S1/S2 or S3 segments ( Figure 3C ). However, in Gen-treated, ten-day-old rats, Kim-1 expression was detected primarily in the S1/S2 segments ( Figure 3D ). In eighty-day-old rats treated with 100 mg/kg Gen for fourteen days, Kim-1 was expressed in the proximal convoluted tubular cells of the S1/S2 segments ( Figure 3E ) and in the proximal straight tubular cells of the S3 segments ( Figure 3F ). In Cis nephrotoxicity, Kim-1 induction was predominantly localized to epithelial cells of the S3 segments, proximal straight tubules ( Figures 3G and 3H ) in rats treated with either 3 mg/kg ( Figure 3G ) or 6 mg/kg Cis ( Figure 3H ). In both Gen and Cis nephrotoxicity, the extent of Kim-1 expression in the S1/S2 or S3 segments increased with time for Gen-treated rats and dose for Cis-treated rats. In addition, the immunostaining intensity correlated with the severity of tubular epithelial cell injury ( Table 2) .
Immunolocalization of RPA-1 in Gen and Cis Nephrotoxicity
Positive staining with mAb RPA-1 (isotype IgG) and negative control staining with the nonimmune mouse IgG 1 were performed concurrently. Using the negative control antiserum (mouse IgG 1 ) , RPA-1-like expression was not found in CD in the cortex and medulla in rats treated with saline (figure not shown). However, weak nonspecific binding of the RPA-1 antibody was identified in necrotic proximal tubular cells in Gentreated rats but not in saline control rats (figure not shown). The results were similar to those in a previous study of Gen nephrotoxicity in rats .
Using the mAb RPA-1 in ten-day-old, saline-treated control rats in the Gen study, constitutive (basal) levels of RPA-1 expression were found mainly in the inner medullary CD epithelial cells and sporadically in the outer medullary and the cortical CD epithelial cells ( Figure 4A ). The lumens of normal CDs were very small and narrow ( Figure 4A ). In contrast, in ten-day-old rats treated with 100 mg/kg Gen, RPA-1 was expressed in the epithelial cells of CD in the cortex (Figures 4B-4D ). The lumens of CD stained with RPA-1 appeared irregular in shape and larger. Strong, positive-staining amorphous materials were found in some of the lumens ( Figure 4B ). It was evident that nonspecific binding of RPA-1 occurred in the epithelial cells of proximal tubules ( Figure 4B ). No significant alterations of RPA-1 expression were found in the medullae of ten-day-old rats treated with 100 mg/kg Gen. In contrast to the intensive staining of cortical CD in the Gen study, RPA-1 expression was comparable between saline-treated rats ( Figure 4E ) and Cis-treated rats ( Figure 4F ). In eighty-day-old, saline-treated control rats in the Cis study, constitutive levels of RPA-1 expression were detected in a few CD epithelial cells in the medulla ( Figure 4G ). In contrast, in eighty-day-old rats treated with 3 mg/kg Cis, RPA-1 expression was increased in the medullary CD, particularly in the proliferative tubular epithelial cells of the dilated CD ( Figure 4H ). In Cis-treated rats, RPA-1 expression in the epithelial cells of the medullary CD increased with rat age ( Table 2) .
Immunolocalization of RPA-2 in Gen and Cis Nephrotoxicity
The negative control antiserum (mouse IgM) for RPA-2 showed no staining in the cortical and medullary LH ( Figures  5A and 5B ) in saline-treated control rats, but nonspecific Renal lesion score a (0-5)
IHC staining intensity for specific immunoreactivity b
Nonspecific binding in necrotic proximal tubular cells Kim-1 RPA-1 RPA-2 RPA-1 RPA-2 10, 80, _ Saline for Gen 0 -, S1/S2,S3 CL CL --10, _ Gen 100 mg/kg/day Â 6 days 2 * þþ, S1/S2,S3 þ, CD (cortex) þ, LH þ þ 80, _ Gen 100 mg/kg/day Â 6 days 3.3 * þþþ, S1/S2,S3 þþ, CD (cortex) þ, LH þ þ 80, _ Gen 100 mg/kg/day Â 14 days 5 * þþþ, S1/S2,S3 þþþ, CD (cortex) þ, LH þ þ 10, 40, 80, _ Saline for Cis 0 -, S1/S2,S3 CL CL --10, _ Cis, 1, 3, 6 mg/kg 0.3 (0-2.0) þ, S3; -, S1/S2 þ, CD (medulla) þ, LH --40, _ Cis, 1, 3, 6 mg/kg 2.6 * (0.5-4.0) þþ, S; -, S1/S2 þþ, CD (medulla) þþ, LH --80, _ Cis, 1, 3, 6 mg/kg 3.25 * (1.5-5) þþ, S3; -, S1/S2 þþþ, CD (medulla) þþþ, LH --Abbreviations: CL, constitutive level of RPA-1 or RPA-2 immunostaining intensity; S1/S2, the S1 & S2 segments of proximal convoluted tubules; S3, the S3 segments of proximal straight tubule. a For Gen-nephrotoxicity, renal lesion score indicates average score from each treatment group. For Cis-nephrotoxicity, renal lesion score indicates average score from 3 treatment groups followed by reference range of 3 groups (in parentheses). b IHC keys: Scores of -, þ, þþ, and þþþ represent no positive reaction, weak, moderate, and strong positive reaction, respectively. (A) No Kim-1 expression was found in the cortex and the outer stripe in ten-day-old, saline-treated control rats in the Gen study; Â50. (B) Kim-1 expression was located in the cortex and the outer stripe in ten-day-old rats treated with 100 mg/kg/day of Gen for six days; Â50.
(C) No Kim-1 expression was found in the epithelial cells of proximal tubules in ten-day-old, saline-treated control rats in the Gen study; Â200.
(D) Kim-1 expression was located in the epithelial cells of proximal tubules in ten-day-old rats treated with 100 mg/kg/day of Gen for six days; Â200. (E and F) Kim-1 expression was located in the proximal tubular epithelial cells in rats treated with 100 mg/kg/day of Gen for fourteen days; Â200. (G) Kim-1 expression was found in the proximal tubular epithelial cells in eighty-day-old rats treated with 3 mg/kg Cis; Â200. (H) Kim-1 expression was found in the proximal tubular epithelial cells in eighty-day-old rats treated with 6 mg/kg Cis; Â400. . (B-D) In eighty-day-old rats treated with 100 mg/kg/day of Gen for fourteen days, CDs were of remarkable dilatation. Renal papillary antigen-1 was expressed in the epithelial cells of dilated CD tubules, some of which contained amorphous materials stained by RPA-1. Note: nonspecific binding of RPA-1 was also identified in the epithelial cells of proximal tubules (at the center of 4B). (E) In eighty-day-old, saline-treated control rats in the Cis study, RPA-1 was expressed in a few CD of the cortex. (F) In eighty-day-old rats treated with 6 mg/kg Cis, RPA-1 was expressed in the cortical CD, which was comparable to that observed in control rats. (G) In eighty-day-old, saline-treated control rats in the Cis study, RPA-1 was expressed in epithelial cells of some CD in the medulla. (H) In eighty-day-old rats treated with 6 mg/kg Cis, RPA-1 was expressed in epithelial cells of almost all CD in the medulla, and immunostaining intensity was markedly increased. All figures Â200. binding of the anti RPA-2 was detected in the necrotic proximal epithelial cells in Gen-treated rats (figure not shown), which is similar to the findings of our previous Gen study . In Gen-treated rats, RPA-2 was expressed in the epithelial cells in the thick ascending segment of LH, but the staining intensity was weak and blurred (figures not shown).
In addition, nonspecific binding of RPA-2 was also located in the cytoplasm of necrotic proximal cells or their debris in rats treated with 100 mg/kg Gen for six days.
In control saline-treated, eighty-day-old rats in the Cis study, constitutive levels of RPA-2, with weak and blurry staining in most of the LH and distinct staining in some of the LH, were found in the medulla ( Figure 5C ). In contrast, RPA-2 expression was increased in the tubular epithelial cells of LH in the medulla in eighty-day-old rats treated with 1 mg/kg Cis ( Figure 5D ), 3 mg/kg Cis (Figures 5E and 5F) , and 6 mg/kg Cis (Figures 5G and 5H ). The staining intensity increased with the increase in dose (1, 3, or 6 mg/kg). Expression of RPA-2 in Cisinjured tubular epithelial cells of the medullary LH also increased with rat age (Table 2) .
Histopathology and Immunolocalization of Kim-1, RPA-1, and RPA-2 in VPA Study
The hepatotoxicant VPA induced hepatocyte degeneration (cytoplasmic vacuolization) and necrosis and hemorrhage ), but it did not induce renal lesions in any segment of the cortex (Figure 6A ) or the medulla ( Figure 6B) . In twenty-five-day-old rats treated with 650 mg/kg VPA, Kim-1 was not expressed in the epithelial cells of proximal tubules ( Figure 6C ) and in the outer stripe ( Figure 6D ). Constitutive levels of RPA-1 were expressed in the tubular epithelial cells of CD in the corticomedullary junction ( Figure 6E ) and in the cortex ( Figure 6F) . Very low constitutive levels of RPA-2 were expressed in the tubular epithelial cells of LH in the cortex ( Figure 6G ) and in the corticomedullary junction ( Figure 6H ). Expression of iNOS and nitrotyrosine was not found in salineand VPA-treated rats (figure not shown).
DISCUSSION
In the present study, the most interesting of the observations made included two distinctive IHC expression patterns for AKI biomarkers and markers of oxidative/nitrosative stress: (1) in Gen-treated rats, Kim-1 expression in the S1/S2 segments and the S3 segment, RPA-1 expression in the cortical CD, and an association of Kim-1 and RPA-1 with spatial expression of iNOS or nitrotyrosine; and (2) in Cis-treated rats, Kim-1 expression in the S3 segment, RPA-1 expression in the medullary CD and RPA-2 expression in the medullary LH, and an association of Kim-1, RPA-1, and RPA-2 with spatial expression of iNOS or nitrotyrosine. These two IHC patterns appeared to be correlated with the degree of severity of the epithelial cell necrosis and apoptosis in the Gen and Cis study, respectively. These patterns will be discussed individually below. Although these findings remain to be more precisely defined in future studies and the quantitative IHC data for these biomarkers remain to be determined, they may provide morphological and IHC clues when searching for novel AKI biomarkers and may help elucidate the possible mechanism of Gen and Cis nephrotoxicity.
Immunohistochemical Patterns of iNOS, Nitrotyrosine, Kim-, RPA-1, and RPA-2 Expression in the S1/S2 and S3 Segments Associated with Gen Nephrotoxicity Microscopic examination demonstrated that Gen-induced AKI was predominantly localized to the S1/S2 segments, with minor involvement of the S3 segment. The IHC data showed that induction of iNOS and nitrotyrosine, in association with expression of Kim-1, was greater in the S1/S2 segments of the cortex than in the S3 segments in the corticomedullary rays. Nonspecific binding of anti-RPA-1 and anti-RPA-2 was identified in the necrotic proximal cells of the same segments. These spatial distributions of AKI biomarkers and oxidative and nitrosative stress markers lend support to our hypothesis that NO production was greater in the S1/S2 segments. However, lack of evidence obtained from specially designed studies (such as quantification of iNOS and nitrotyrosine activity in microdissected segments or use of NOS knockout animals) leaves this hypothesis inconclusive at present. In addition, the specialized histological features and functional properties of various nephron segments may also contribute to the topographic distribution of renal injury. The morphologically distinct segments (S1, S2, and S3) of rat kidney proximal tubule cells have been investigated in detail by Maunsback (1966a Maunsback ( , 1966b Maunsback ( , 1966c . In the rat kidney, the S1 segment has a tall brush border, a prominent endocytic system, numerous mitochondria, and extensive invaginations of the basolateral plasma membrane; the S2 segment has a less prominent brush border than the S1 segment and large secondary lysosomes; and the S3 segment has a tall brush border, less prominent endocytic system than in the S1 and S2 segments, sparse basolateral invaginations, and scattered smaller mitochondria (Madsen and Tisher 2004; Maunsback 1966a Maunsback , 1966b Maunsback , 1966c . The prominent endocytic activity and abundant mitochondria in S1-segment epithelia and abundant secondary lysosomes in the S2 segment epithelia with lower endocytic activity and fewer mitochondria may explain why there is general predilection for injury in the S1/S2 segments than in the S3 segment in Gen nephrotoxicity, since it is generally accepted that Gen is taken into the cell mainly by endocytosis (Greaves 1990) . It is postulated that damage to other segments may occur in Gen nephrotoxicity, in terms of physiological function of downstream nephron effects resulting from hyperfiltration and functional nephron loss. Other biochemical and molecular mechanisms also play a role in Gen nephrotoxicity; however, a detailed discussion is beyond the scope of this article. ZHANG ET AL. TOXICOLOGIC PATHOLOGY and the LH and CD in the outer and the inner medulla. At the sites of Cis-induced AKI, the induction of iNOS and nitrotyrosine was associated with increased expression of Kim-1, RPA-1, and RPA-2. The mechanisms by which Cis induced iNOS and nitrotyrosine; increased the expression of Kim-1, RPA-, and RPA-2; and caused renal injury are not yet fully elucidated. Immediately after Cis administration, the proximal and distal tubular reabsorption rates of sodium and water are significantly decreased (Daugaard et al. 1987; Daugaard 1990 ). The reduction of reabsorption capacities in the S1/S2 segments and the S3 segments occur concomitantly with reduced renal blood flow rates, increased renal vascular resistance, and increased urinary levels of sodium and potassium. Therefore, it is possible that the CD and LH, which are permeable to water and salts, will be overburdened by increased urinary sodium, potassium, and water (Daugaard et al. 1987) . As a result, the competing burdens of high oxygen demand and insufficient oxygen supply in the LH and CD segments may make these segments more susceptible to hypoxic injury.
A Common Final Pathway Leading to Nephrotoxicity via Nitrotyrosine Generation
Activation of iNOS has been implicated in the mechanisms of various forms of renal injury induced by both nephrotoxicants (e.g., Gen, Cis, chromate) and other forms of renal insult (e.g., ischemia/reperfusion) (Table 1 ). There is growing evidence to suggest that most of the cytotoxicity attributed to NO is rather a result of peroxynitrite, which is formed by the reaction between superoxide anion and nitric oxide (NO ) (Pacher et al. 2007) . Therefore, attenuation of the toxic levels of nitrotyrosine and selective inhibition of iNOS have become pharmacological strategies against nitrosative stress-mediated toxicity in vivo (Denicola and Radi 2005; Pacher et al. 2007) . Recent IHC studies have demonstrated that the hydroxyl radical scavenger S-allylmercaptocysteine (a garlic-derived compound) decreased expression of nitrotyrosine, dinitrophenol, and 4-hydroxy-2-nonenal in kidney tissue sections . Concurrent attenuation of increases in serum creatinine, blood urea nitrogen (BUN), and urinary N-acetyl-b-D-glucosaminidase (NAG), as well as reduced kidney damage (proximal tubular cell necrosis) in rats treated with Gen was also observed. These findings suggest that oxidative and nitrosative stress are implicated in Gen nephrotoxicity ). In addition, the peroxynitrite decomposition catalyst 5,10,15,20-tetrakis (4-sulfonatophenyl) porphyrinato iron (III) (a soluble complex to catalyze the destruction of peroxynitrite) decreased expression of nitrotyrosine in the kidney tissue sections and attenuated levels of serum creatinine, BUN, NAG, and total proteins in Cis-treated rats. These findings demonstrated that Cis nephrotoxicity was peroxynitrite mediated . Recently, a selective and irreversible iNOS inhibitor, N-[3-(aminomethyl)benzyl] accetamine (1400W), was shown to suppress oxidative stress (decreased renal cortex malondialdehyde content and decreased expression of 4hydroxy-2-nonenal in the kidney tissue sections) and nitrosative stress (decreased expression of nitrotyrosine in the tissue sections). These alterations were accompanied by a reduction in kidney damage (increased proteinuria and decreased creatinine clearance) and improvement of renal function). These results suggest that NO -derived iNOS contributes to Cis nephrotoxicity .
In contrast to previous studies, the present study demonstrated increased expression of iNOS and nitrotyrosine in the epithelial cells of proximal tubules, CD, or LH in Gen-and Cis-treated rats (Figures 2) . Therefore, these findings support the hypothesis of a common final pathway leading to Gen or Cis nephrotoxicity via nitrotyrosine generation (the production of NO and superoxide); however, further studies of decreased formation of toxic levels of peroxynitrite are required to reach specific conclusions.
Kim-1, RPA-1, and RPA-2 as Site-specific Biomarkers for Gen and Cis Nephrotoxicity
The present study demonstrated that the expression of Kim-1, RPA-1, and RPA-2 was significantly increased in Gen-and Cis-induced renal tubular epithelial cell injury as compared with their expression in rats treated with saline or VPA, a non-nephrotoxicant. The present study also demonstrated that the immunolocalizations of Kim-1, RPA-1, and RPA-2 were distinctly different.
Kim-1 was mainly expressed in the S1/S2 segments and less in the S3 segments of the cortex in Gen-induced renal injury, whereas it was expressed mainly in the S3 segment in Cis nephrotoxicity. The immunolocalization of Kim-1 is clearly consistent with histopathology for Gen versus Cis nephrotoxicity. These findings demonstrate that Kim-1 is a specific and sensitive biomarker for proximal tubular injury.
The anti-RPA-1 monoclonal antibody recognizes an antigen in the epithelial cells of CD (Falkenberg et al. 1996; Hildebrand et al. 1999) . A recent study (Harpur et al. 2008 ) has shown urinary RPA-1 to be a sensitive and specific biomarker of renal papillary CD injury after treatment with N-phenylanthranillic acid (NPAA), a drug that targets papillary CD. However, the present study revealed that RPA-1 expression was increased in the epithelial cells of CD in the cortex in Gen nephrotoxicity ( Figures 4B-4D ), in association with morphological evidence of cellular injury, whereas RPA-1 expression was increased in the epithelial cells of CD in the medulla in Cis nephrotoxicity ( Figure 4H ). These findings may explain our earlier study of Gen nephrotoxicity in rats (Shaw et al. 2007) , in which the urinary levels of RPA-1 were significantly elevated four-to twelve-fold higher (dose-dependent) than controls at seventytwo hours after treatment. Therefore, RPA-1 has the potential to serve as a novel biomarker for cortical CD injury induced by Gen, as well as for papillary CD injury induced by NPAA.
The monoclonal anti-RPA-2 recognizes an antigen in the epithelial cells of LH (Falkenberg et al. 1996; Hildebrand et al. 1999) . Scant information has been published on RPA-2 distribution and induction in drug-induced nephrotoxicity. The present study demonstrated that RPA-2 expression was increased in the epithelial cells of LH in the medulla ( Figures  5C-5H ) in association with morphological evidence of cellular injury in Cis nephrotoxicity. No urinary RPA-2 data are available at this time. Although the information regarding RPA-2 in this study is incomplete, the up-regulation of RPA-2 was clearly visible, and RPA-2 has the potential to serve as a novel biomarker for Cis nephrotoxicity.
